The white grub beetle Dasylepida ishigakiensis is distributed in the southwestern part of the Ryukyu Islands of Japan. In addition to the three previously recognized local populations occurring in natural forests of Iriomote-jima and Ishigaki-jima Islands, and sugarcane fields in the Miyako region, including Miyako-jima and Irabu-jima Islands, a new population was collected from farmland on Ishigaki-jima in January 2007 and 2008. In order to examine the relationships among these populations, we performed molecular phylogenetic analysis of 150 individuals based on the sequences of two mitochondrial DNA fragments (1.9 kb in total length), one containing a portion of the cytochrome oxidase subunit I gene and the other containing a portion of the 16S rRNA gene. As a result, individuals were clearly divided into six haplotypic groups. The newly discovered Ishigaki-jima population contained three haplotypic groups, two of which were specific to this population and the third of which was the same as one of the two haplotypic groups detected from the Miyako region, indicating insect movement between Ishigaki-jima and the Miyako region. Based on these results, we discuss the direction of insect dispersal in conjunction with the evolutionary history of insular populations of this species.
INTRODUCTION
The white grub beetle Dasylepida ishigakiensis (Niijima et Kinoshita) is distributed in the southwestern part of the Ryukyu Islands of Japan. This insect was originally known as a rare species occurring only in natural forests of Ishigaki-jima and Iriomote-jima Islands of the Yaeyama region of the Islands (Hirai, 2001) ; however, in the late 1990s, a new population was discovered to occur abundantly in the sugarcane fields of Miyako-jima and Irabu-jima Islands of the Miyako region, approximately 95 km northeast of the Yaeyama region. In the Miyako region, larvae of this species cause considerable economic damage to sugarcane crops (Sadoyama et al., 2001) . Because the Miyako and Yaeyama populations have different habitats and larval food habits, and the adult males have several different morphological and chemical features, they were suggested to be different subspecies or species (Fujioka, 2001; Hirai et al., 2008) . Muraji et al. (2008a) found that nucleotide sequences of the mitochondrial DNA (mtDNA) were distinct among populations of Ishigaki-jima, Iriomote-jima, and the Miyako region. Based on these results, Muraji et al. (2008a) On the other hand, Nakata and Nakata (2006) discovered a new population occurring in the farmlands of Ishigaki-jima. We also collected a small number of adults of this population in January 2007. Their emergence time is two months earlier than that of the previously known population occurring from late March to early April in natural forests on the same island, but is similar to that of the Miyako population, which usually emerges from early February to mid-March (Oyafuso et al., 2002) ; however, due to the small number of specimens, precise examination of the relationship among these populations was not possible.
Recently, Wakamura et al. (2009) identified (R)-2-butanol as the female sex pheromone of this species. Using the chemical as an attractant, we successfully collected a number of male adults from Ishigaki-jima farmlands in January 2008. In this study, we performed molecular phylogenetic analyses based on mtDNA sequences using these specimens and those of previously recognized local populations. We found that the newly discovered Ishigaki-jima population includes three different mtDNA haplotypes; two were specific to this population, and the third was the same as that detected from several individuals collected in the Miyako region. This result suggests that insects had moved between Ishigaki-jima and the Miyako region. Based on these results, we discuss the direction of their dispersal in conjunction with the evolutionary history of this species.
MATERIALS AND METHODS
The specimens used in this study are listed in Table 1 . A total of 150 adult D. ishigakiensis were collected from the Miyako-jima, Irabu-jima, Ishigaki-jima, and Iriomote-jima islands in the southwestern part of the Ryukyu Islands (Fig. 1) . In January 2008, adult males were collected using funnel traps with crossed vanes (15 cm diam.ϫ39 cm ht.; Trécé Inc., Salinas, CA., USA) set around Ishigakijima Island farmlands. Commercially purchased (R)-2-butanol was used as an attractant. All other specimens were collected as described in Muraji et Two mtDNA fragments, one containing a portion of the cytochrome oxydase subunit I gene (COI) and the other containing a portion of the 16S ribosomal RNA gene (rDNA), were amplified and sequenced for all 150 individuals according to the methods described in Muraji et al. (2008a) , except that primer 12Rb was not used in this study. Sequences obtained from representative individuals were submitted to DDBJ/EMBL/GenBank nucleotide sequence databases (Accession numbers: AB499094-AB499121).
Nucleotide sequences were aligned as described in Muraji et al. (2008a) and used to compute basic statistical data and to generate phylogenetic trees based on the neighbor-joining method by MEGA ver. 3.1 software (Kumar et al., 2004) . Maximum parsimony analyses were performed with PAUP* ver. 4.0b10 (Swofford, 2003) , using a heuristic search procedure with TBR swapping and 100 max tree options. The congruence of the two different data sets was examined by the partition-homogeneity test (Farris et al, 1995) implemented in PAUP*.
RESULTS
Nucleotide sequences 783 (COI) and 1,112-1,114 (rDNA) bp long were determined for 150 individuals of D. ishigakiensis. These sequences were composed largely of A and T (AϩT%: 67.8 in COI, 79.6 in rDNA). Compared to the rDNA sequences, those of COI were more polymorphic, and 113 substitutional polymorphic and 99 parsimony informative sites were detected. Those of the rDNA data set were 75 and 69 sites, respectively. In both cases, substitutions were biased toward transitions: 80.5% and 61.3% of the polymorphic sites in the COI and rDNA data sets, respectively. In the former data set, most nucleotide substitutions were synonymous (87.6% of the polymorphic sites).
In order to generate molecular phylogenetic trees, we combined data sets containing COI and rDNA separately, because no significant incongruence was detected by the partition-homogeneity test between these data sets (pϭ0.230). In addition, the COI and rDNA data sets produced the same topology in terms of the relationships among subgroups described below. This tendency was seen in phylogenetic trees generated by the neighbor-joining method and consensus trees generated by the maximum parsimony method. In the latter analysis, 25 (length: 142; CI: 0.810; RI: 0.998; RC: 0.802) and two (length: 89; CI: 0.865; RI: 0.994; RC: 0.860) equally parsimonious trees were obtained from the COI and rDNA data sets, respectively.
A phylogenetic tree generated by the neighborjoining method based on the Jukes-Cantor distances calculated using the combined data set is shown in Fig. 2 . In this study, neighbor-joining analyses were also performed based on the various distance methods implemented in MEGA; however, all of these analyses produced the same results in terms of the relationships among subgroups. In these trees, the sequences are divided into three major lineages (Groups A, B, and C) at the basal nodes of the tree. Of these, two groups, A and B, were further split into several subgroups: A1, A2, A3, B1, and B2. Among the subgroups of Group A, A1 and A2 formed a sister group to Subgroup A3. All groupings were supported by bootstrap confidence levels higher than 74% and 64% in analyses using the neighbor-joining and maximum parsimony methods, respectively (Fig. 2) . They were also recognized in all 25 most parsimonious trees (length: 234; CI: 0.821; RI: 0.991; RC: 0.813).
Insect groupings detected by phylogenetic analysis are summarized in Table 2 , which shows that the major lineages B and C were specific to Ishigaki-jima and Iriomote-jima, respectively, while lineage A was detected in both Ishigaki-jima and the Miyako region. In Ishigaki-jima, four subgroups were detected, of which B2 was restricted to natural forests, while three subgroups, A2, A3, and B1, were detected from farmlands. Two subgroups, A1 and A2, were detected in the Miyako region, while A1 was detected only on Miyakojima. Although A2 was less abundant than A1 in the Miyako region, this haplotype occupied onethird of the population newly discovered on the farmlands of Ishigaki-jima.
DISCUSSION
In this study, individuals of D. ishigakiensis were divided into three major lineages (Groups A-C) and then split into six haplotypic groups. Comparison of sequences obtained in this and our previous study (Muraji et al., 2008a) confirmed that haplotypic groups A1ϩA2, B2, and C corresponded to three previously reported local populations, the Miyako population, the Ishigaki-jima natural forest population, and the Iriomote-jima population, respectively. Two others, Subgroups A3 and B1, were specific to the newly discovered Ishigaki-jima population collected on farmlands in January 2008. This population also included individuals of Subgroup A2, which was also detected in the Miyako population (Table 2 ). These results indicate that the recent appearance of the Ishigaki-jima farmland population was not due to the expansion of the previously known population on the same island from natural forests to farmlands, and that insect dispersal had occurred between the Miyako region and 292 M. MURAJI et al. Fig. 2 . Neighbor-joining tree based on the Jukes-Cantor distances calculated using 1,897 bp-long combined mtDNA sequences. Capital letters (A-C) and those with numerals denote the haplotypic groups detected. Bootstrap confidence levels of major clades are shown near these branches. The values were calculated based on 1,000 replications of neighbor-joining (Jukes-Cantor distances) (left) and the maximum parsimony analyses (right). Numbers in parentheses are a percentage of 25 equally parsimonious trees showing the branch. the farmlands of Ishigaki-jima. In addition, because the sequences of Subgroup A2 have not diverged between Ishigaki-jima and the Miyako region (Fig. 2) , this dispersal must have occurred in evolutionarily recent times.
On the other hand, no common haplotype was detected between Iriomote-jima and the other areas (Table 2) . Sequences on this island (Group C) were deeply divergent from those of the other populations (Fig. 2) . We previously estimated divergence times of more than 1 million years among major populations, including that of Iriomote-jima, using 3.1 kb-long mtDNA sequences (Muraji et al., 2008a) . Thus, the Iriomote-jima population must have long been separated from other populations during their evolutionary history. Iriomote-jima is only 16 km from Ishigaki-jima, and paleogeographic studies have postulated that these islands were connected several times by paleo-lands in the Pleistocene (Kizaki and Oshiro, 1980; Ota, 1998; Kimura, 2002) . Thus, this species has never crossed the short distance between Iriomote-jima and Ishigaki-jima, irrespective of whether these islands were separated by open sea.
These considerations suggest that the dispersal between Ishigaki-jima and the Miyako region, separated by approximately 95 km of open sea, must be due to human activities. Because this species has a two-year life cycle (Oyafuso et al., 2002) and spends almost all of its life underground (Arakaki et al., 2004) , dispersal might have occurred when plants were shipped with soil containing immature stages of this species; however, further studies are needed to find out whether this species has frequently moved between islands and whether the sugarcane-injuring population was able to invade neighboring areas.
In addition, further studies also need to focus on the direction of dispersal. Although sugarcane is widely cultivated over the range of D. ishigakiensis, damage by this species is recognized only in the Miyako region (Hirai, 2001; Sadoyama et al., 2001) . If the existence of Subgroup A2 on Ishigaki-jima (Table 2) is due to the invasion of insects from the Miyako region, this species might also become a pest on Ishigaki-jima in the near future. It is apparently difficult to determine the direction of movement based only on the results obtained in this study; however, as discussed below, we attempted to approach this problem by considering the evolutionary history of haplotypes.
In this approach, we first assumed that Groups B and C originated on Ishigaki-jima and Iriomotejima, respectively, because they were specific to these islands and included populations occurring in natural forests of broadleaf evergreen trees, the original habitat postulated for this species (Muraji et al., 2008a) . Based on this assumption, several different interpretations are possible for the geographic origin of the haplotypes. trates the four most probable scenarios. In this figure, each scenario supposed that three (a), two (b), one (c) or no (d) subgroups originated in the Miyako region. Many other possible scenarios were excluded from this figure, because they included more arbitrary speculation (such as more than one population becoming extinct and repeated migrations between areas) that can not be verified by circumstantial evidence. The first hypothesis supposes that Group A originated in the Miyako region (Fig. 3a) . In this case, insects of Subgroup A2 on Ishigaki-jima are considered to be migrants from the Miyako region; however, this hypothesis leads to the rather arbitrary speculation that Subgroup A3 disappeared from the Miyako region after migrating to Ishigaki-jima. Otherwise, this subgroup might have diverged after entering Ishigaki-jima. Geological and biogeographical studies have suggested that islands at low altitudes, including the islands in the Miyako region, were submerged 1.0-0.4 million years ago due to sea-level rises (Hiramatsu et al., 2001; Kimura, 2002) . If this is true, then divergence times of over 1 million years (Muraji et al., 2008b) could not have occurred among the major haplotypes, including Group A; thus, this hypothesis seems unlikely.
In the fourth interpretation (Fig. 3d) , the population in the Miyako region is considered to have been established from migrants from Ishigaki-jima; however, this hypothesis is not likely because Subgroup A1 was not present on Ishigaki-jima (Table  2) . Moreover, for this hypothesis to be valid, most of the six subgroups must have originated from Ishigaki-jima. Although this island is divided into several mountain groups isolated by low-altitude flatlands and the species is restricted in flight activity (Arakaki et al, 2004) , it is questionable whether so many haplotypes could have coexisted on this small island during their evolutionary history.
The third hypothesis (Fig. 3c) supposes that Subgroup A1 entered the Miyako region before Subgroup A2; however, it is questionable whether Subgroup A2 was transported from Ishigaki-jima to the Miyako region because this species does not occur abundantly on Ishigaki-jima and is not a pest of agricultural products. In addition, because the nucleotide sequence of Subgroup A2 was much more variable in the Miyako region (2.25 substitutions/pair of sequences) than on Ishigaki-jima (0.40 substitutions/pair of sequences), dispersal in this direction seems unlikely.
In the second hypothesis (Fig. 3b) , invasion of this species into the Miyako region is presumed to have occurred after the clade of Subgroups A1ϩA2 diverged from Subgroup A3. This hypothesis supposes that both Subgroups A1 and A2 occurred in the Miyako region. This idea is supported by the fact that Subgroup A1 was not detected on Irabu-jima (Table 2) , which is 4 km from Miyakojima. This phenomenon indicates that insect dispersal is obstructed, to some extent, between is-294 M. MURAJI et al. lands in the Miyako region, and suggests that the two subgroups could have evolved within this region.
Based on the circumstantial evidence described above, we tentatively concluded that the second hypothesis (Fig. 3b) is more plausible than the other hypotheses, and that Subgroup A2 is likely to have invaded Ishigaki-jima from the Miyako region, where this species occurs abundantly and causes severe damage to sugarcane. Although more studies are needed to confirm this hypothesis, it suggests the importance of continuous monitoring of the Ishigaki-jima farmland population as an agricultural pest.
The three major lineages, Groups A, B, and C, were deeply divergent on the phylogenetic tree ( Fig. 2) , being different from each other in 3.5-4.7% of nucleotides (combined data set). Comparisons of these and the corresponding sequences of Anomala scarab beetles (AB330763-AB330767, AB330384-AB330391) (Muraji et al., 2008b) revealed that differences among major lineages were much greater than between species, A. albopilosa and A. cuprea (2.2-2.6%). This phenomenon raises questions about whether insects with different haplotypes belong to different species, and whether they can breed to produce viable and fertile offspring.
In field research on the effectiveness of (R)-2-butanol, which was identified from the sex pheromone of female adults in the Miyako region (Wakamura et al., 2009), Wakamura et al. (unpublished) and Hokama et al., (unpublished) confirmed that the chemical attracted adult males of the Miyako, Iriomote-jima, and Ishigaki-jima populations, including both farmland and natural forest populations. Hirai (unpublished data) also successfully collected adult males on both Ishigaki-jima and Iriomote-jima using traps containing adult females of the Miyako population. Thus, there is no chemical reproductive barrier among different lineages. Adult males of the Ishigaki-jima farmland population collected in this study showed an external appearance typical of the Yaeyama population described by Hirai et al. (2008) . Even in males showing the same haplotype, Subgroup A2, the difference was apparent between Ishigaki-jima and the Miyako region. As discussed previously, if Subgroup A2 on Ishigaki-jima originated from the Miyako region, disagreements between the haplotype and external appearance of the Ishigaki-jima insects would be due to hybridization and introgression between the migrants and original residents.
As a result of phylogenetic analyses based on the mtDNA sequence, we found that D. ishigakiensis dispersed between Ishigaki-jima and the Miyako region. Although circumstantial evidence suggests that the invasion must have been mediated by human activities, we could not definitely determine the direction of insect movement, which is strongly associated with the problem of whether the sugarcane-injuring population specific to the Miyako region would expand to other areas. In addition, it remains unknown if individuals of different local populations can interbreed. These problems must be analyzed to clarify the relationship between invaded and endemic populations, and to predict the future spread of injurious characteristics. Analyses using nuclear DNA markers are particularly needed.
